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Even though the sensitivity of direct dark matter search experiments reaches the level of about 
10−45 cm2, no conﬁdent signal of dark matter has been observed. We point out that, if dark matter is a 
vector boson, the null result in direct dark matter search experiments may be due to the destructive 
effects in dark-matter–nucleon elastic scattering. We illustrate the scenario using a modiﬁed Higgs 
portal model that includes exotic quarks. The signiﬁcant cancellation can occur for a certain mass gap 
between new heavy quark and dark matter. As a result, the spin-independent dark-matter–nucleon elastic 
scattering is so suppressed that the future direct search experiments will hardly observe the signal of 
dark matter.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The current dark matter relic abundance in our Universe has 
been measured by WMAP [1] and recently by Planck [2] with the 
combined value
ΩDMh
2 = 0.1199± 0.0027. (1)
However, we have very little knowledge about dark matter. The 
nature of dark matter particle is one of the most challenging prob-
lems in particle physics. The most attracting candidate for dark 
matter is the weakly interacting massive particle (WIMP). Cer-
tainly, Standard Model (SM) in particle physics does not provide 
a proper candidate. There are many proposals beyond the SM such 
as the lightest neutralino in supersymmetry [3].
The searches of dark matter can be categorized into three cat-
egories: collider experiment, which looks for the signal of missing 
transverse momentum that is contributed by dark matter produced 
from the collision of two SM particles; direct detection experiment, 
which searches for the scattering of dark matter off atomic nu-
clei; indirect detection, which looks for the products of dark matter 
annihilation in our Universe. Recently, disagreements between as-
trophysical background and observation, which may be the hint of 
dark matter, have been observed in cosmic gamma-ray [4,5] and 
positron data [6,7]. But direct detection is required to show the 
existence of dark matter.
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SCOAP3.Null results from the direct search constrain the scattering 
cross section between dark matter and nucleus. The current upper 
bound of WIMP–nucleon scattering cross section about 10−45 cm2
is set by LUX experiment [8]. Therefore, the crucial question we 
might ask is why the scattering cross section is so tiny that these 
sophisticated detectors are incapable of the detection of dark mat-
ter. It may be simply because the mass of dark matter is not within 
the sensitive region of these detectors or interactions between dark 
matter and nucleon are extremely small. In this paper, we point 
out that, for a vector dark matter particle, cancellation between 
Feynman diagrams can naturally happen. As a result, we are able 
to realize the tiny spin-independent elastic scattering cross sec-
tion between dark matter and nucleon. For illustration, we study a 
simple model in which the dark matter candidate is a SM singlet 
spin-1 gauge boson associated with U (1)X in dark sector. When 
new heavy quarks are included, the scattering cross section can be 
highly suppressed.
The rest of paper is organized as follows. We begin in Section 2
with an introduction of the model. In Section 3, we calculate the 
elastic scattering cross section and show the cancellation between 
diagrams. Our conclusion appears in Section 4.
2. Vector dark matter
Spin-1 vector dark matter appears in many popular models, 
such as Kaluza–Klein photon in universal extra dimension [9–12]
and T-odd photon in Little Higgs model with T-parity [13–18]. Here 
we consider a simple model that includes dark matter interactions 
to quarks in the Higgs portal model. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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quark mediated.Dark matter particle is a vector boson associated with gauge 
symmetry U (1)X [19,21–25]. The gauge invariant Lagrangian can 
be written as
LVDM = −1
4
Xμν X
μν + 1
2
M2X XμX
μ + 1
4
λX
(
XμX
μ
)2
+ 1
2
λXH XμX
μH†H, (2)
where ﬁeld strength tensor Xμν = ∂μXν − ∂ν Xμ , Xμ is dark mat-
ter ﬁeld, MX is mass of dark matter particle and H is SM Higgs 
ﬁeld. To ensure the stability of dark matter X boson, we impose a 
Z2 symmetry under which Xμ → −Xμ and Bμ → +Bμ . Therefore, 
the kinetic mixing term Xμν Bμν that leads to dark matter couples 
to SM particles is forbidden. The last term describes the interac-
tion between dark matter and the SM Higgs boson and contributes 
to mass of dark matter after electroweak symmetry is broken. The 
mass of vector dark matter is given as m2X = M2X +λXH v2/2, where 
v is the Higgs VEV. Two SM SU(2)L singlet right-handed quark 
ﬁelds q1 and q2 are introduced. The Lagrangian is then given as
Lq = q¯1iγμ
(
∂μ − ig1Y q11 Bμ − igX Y q1X Xμ
)
q1
+ q¯2iγμ
(
∂μ − ig1Y q21 Bμ − igX Y q2X Xμ
)
q2, (3)
where g1 and Bμ are the gauge coupling strength and gauge ﬁeld 
of SM U (1)Y , respectively; gX is the gauge coupling strength of 
U (1)X , Y
q1(2)
1 is the hypercharge of q1(2) under U (1)Y , and Y
q1(2)
X is 
U (1)X charge for q1(2) . We can transform q1 and q2 to the right-
handed SM quark q and heavy exotic quark qH as
qR = q1 + q2√
2
and qHR =
q1 − q2√
2
. (4)
Under the imposed Z2 symmetry, q1 ↔ q2, and therefore, we have 
qR → +qR and qHR → −qHR . With Y q11 = Y q21 and the deﬁnition 
Y q11 + Y q21 = Yq that is the SM hypercharge of quark qR , and Y q2X =
−Y q1X = −Y ′q , we have
Lq = q¯R iγμ
(
∂μ − i g1
2
YqB
μ
)
qR + q¯HR iγμ
(
∂μ − i g1
2
YqB
μ
)
qHR
+ gXY ′q
(
q¯γμX
μP RqH + h.c.
)
. (5)
The last term of Eq. (5) gives the interaction between dark matter 
and SM quark with coupling strength gX Y ′q . For the mass of qH , 
we assume there exists a left-handed qHL to form a Dirac mass 
term mqH q¯HqH . The parameters relative to the calculation below 
are mX , mqH , λXH , gX and Y
′
q .
3. Elastic scattering cross section
Elastic scattering between dark matter X and quark inside the 
nucleon involves three diagrams shown in Fig. 1. In the extreme 
non-relativistic limit, the elastic scattering cross section between 
dark matter and nuclear can be divided into two cases: scalar 
interaction and spin–spin interaction. The “standard” total cross section at zero momentum transfer σ scalar0 and σ
spin
0 [3] can be 
obtained as
σ scalar0 =
4m2N
π(mX +mN)2
(
Z f p + (A − Z) fn
)2
, (6)
σ
spin
0 =
8
3π
m2N
(mX +mN)2 J ( J + 1)Λ
2 (7)
where mN is the mass of unclear, while Z and A are nuclear 
charge and atomic number, respectively. The f p(n) is the dark mat-
ter effective scalar coupling to proton (neutron) and is derived in 
Ref. [20] for vector dark matter:
f p(n) =
∑
q=u,d,s
fq f
p(n)
Tq +
∑
q=u,d,s,c,b
3
4
(
q(2) + q¯(2))gq
− 8π
9αs
fG f T G , (8)
where fq ( fG ) is the coeﬃcient in the effective scalar interac-
tion of dark matter with quarks (gluons); q(2) and q¯(2) are the 
second moments of parton distribution functions of quark q and 
antiquark q¯, respectively; gq is the coeﬃcient of the twist-2-type 
coupling of dark matter and quark [26]. The contribution with the 
twist-2 operator of gluon is dropped as suggested in [20].
Given the interactions of dark matter to the SM Higgs boson 
and dark matter to quarks in the last term of Eq. (2) and Eq. (5), 
respectively, the contribution from heavy quark exchanged dia-
grams (Fig. 1(b) and Fig. 1(c)), combined with the Higgs diagram 
(Fig. 1(a)), gives the fq and gq as
fq = −λXH
2m2h
− g
2
X Y
′ 2
q
4
m2qH
(m2qH −m2X )2
, (9)
gq = −
g2X Y
′ 2
q m
2
X
(m2qH −m2X )2
. (10)
For gluon contribution, we include the loop-induced diagram in 
the Higgs exchanged diagram with the SM heavy quarks ﬂow-
ing through the loop. Furthermore, we consider the minimum 
spectrum for exotic heavy quarks that contribute to dark-matter–
nucleon scattering, so we only introduce three ﬂavors, uH , dH and 
sH , in this work. Note that, we also include the loop diagrams that 
involve these exotic heavy quarks in our calculations, and we re-
fer readers to Ref. [20] for more details. Numerically, we adopt the 
values that take lattice QCD simulations into account: f pTu = 0.017, 
f pTd = 0.023, f nTu = 0.012, f nTd = 0.033 and f
p
Ts
= f nTs = 0.053 [27].1
The values for second moments of parton distribution functions 
are given by u(2) = 0.22, u¯(2) = 0.034, d(2) = 0.11, d¯(2) = 0.036
and s(2) = s¯(2) = 0.026 [20].
For spin–spin interaction term,
1 If we use other values that are based on the chiral perturbation theory in which 
strange quark content is larger [28], the contours shown in Fig. 3 will shift down-
ward a little.
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perimental limits of XENON100 (2012) [29] and LUX(2013) [8]. The projected LUX(2014), XENON1T [30], and XENON10T [31] are also shown. The orange, green, brown 
and magenta color lines refer to mqH = mX + 20, 40, 60, 80 GeV in the left panel (a) and mqH /mX = 1.1, 1.2, 1.3, 1.4 in the right panel (b), respectively. λXH = −0.05 and 
λqH = 0.1 are used. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)Λ = ap〈Sp〉 + an〈Sn〉
J
, ap(n) =
∑
q=u,d,s
dq
p(n)
q , (11)
where J is nuclear spin, ap(n) is effective spin–spin interaction of 
dark matter and proton (neutron), 〈Sp(n)〉/ J is the fraction of the 
total nuclear spin J carried by protons (neutrons) and
dq =
g2X Y
′ 2
q
2
mX
m2X −m2qH
. (12)
We take pu = nd = 0.84, pd = nu = −0.44 and ps = ns =−0.03 [27]. Finally, we have the one-nucleon-normalized spin-
independent (SI) and spin-dependent (SD) scattering cross section 
that can be compared with the experimental results:
σ SIp(n) = σ scalarp(n) =
1
4π
m2p(n)
m2X A
2
(
Z f p + (A − Z) fn
)2
, (13)
σ SDp(n) = σ spinp(n) =
1
2π
m2p(n)a
2
p(n)
(mX +mp(n))2 . (14)
We notice that the spin-independent cross section relies on 
f p(n) in Eq. (8). Therefore, σ SIp(n) could be far below the sensitivi-
ties of current experiments if f p(n) is tiny. It is possible to naturally 
make effective coupling f p(n) small if there is a destructive effect 
within the sum of fq and gq . Such a destruction can be achieved 
when the sign of the coupling λXH is negative. Meaning that the 
mass of dark matter shifts to a smaller value after the electroweak 
symmetry is broken.
In Fig. 2, we show the SI elastic scattering cross section be-
tween dark matter X and proton, compared with current limits 
from XENON100 [29] and LUX 2013 [8]. The projected sensitivi-
ties of LUX and XENON experiments in the future are also shown. 
Here, we set the parameter λqH = gX Y ′ with universal Y ′q = Y ′ for 
simplicity. We can see in the left panel that, with λXH = −0.05
and λqH = 0.1 for illustration, the cross section is well below the 
current limit for most of the values of mX . In the right panel of 
Fig. 2, the signiﬁcant cancellations can be seen. The mass of dark 
matter at which the exact cancellation occurs shifts to a smaller 
value when the heavy exotic quark mass to dark mater mass ratio 
r =mqH /mX gets larger. This behavior can be easily understood as 
follows. Since r2/(r2 − 1)2 in the expression of fq in Eq. (9) is a 
decreasing function for r > 1, a smaller mX is then required for a complete cancellation when heavy exotic quark qH is heavier (i.e. 
r =mqH /mX is larger).
The contour in Fig. 3 shows the parameter space where the SI 
cross section is below the projected sensitivities of upcoming LUX 
and future XENON experiments. We show that, when the heavy 
exotic quark is heavier than the vector dark matter within a cer-
tain range, the scalar interaction of dark matter and nuclear can be 
suppressed signiﬁcantly. As a result, it is extremely challenging to 
detect the dark matter, even for the detectors with high sensitivity 
in the future experiments. For illustration, we adopt the bench-
mark couplings λXH = −0.05 and λqH = 0.1. As seen in Fig. 3a, for 
dark matter mass from 100 GeV to 500 GeV, the σ SIp(n) is below the 
value that can be detected by the future XENON10T experiment, 
if the mass difference between heavy exotic quark and dark mat-
ter (m) is about 40–60 GeV. The Fig. 3b shows the ratio m/mX
about 45% is needed for a 100 GeV dark matter to perform the sig-
niﬁcant suppression in SI cross section, while the ratio goes down 
to about 10% as dark matter becomes 500 GeV. The feature is that 
the heavier dark matter needs a smaller value of m/mX for a 
complete cancellation.
We see that the exotic quarks are close to the mass of dark 
matter of O (100) GeV, the production cross sections at the Large 
Hadron Collider (LHC) at CERN should be large. Since the exotic 
quark 100% decays into a SM quark and a dark matter, therefore, 
the collider signature is dijet plus missing transverse momentum 
(/ET ). However, due to the small mass gap between these exotic 
quarks and dark matter, the visible jets from exotic quark decay is 
soft and the signal of dijet with /ET is hard to measure. Instead, 
taking the effect of initial state radiation into account, the mono-
jet plus /ET is the more promising signal to search for. The current 
data of mono-jet with /ET by ATLAS [32] sets a constraint on our 
parameter space, shown with red-dotted line in Fig. 3. The masses 
of dark matter below the red-dotted line are disfavored. Similar 
scenario where the dark matter and new exotic quarks are nearly 
degenerate in mass has also been studied in the literature [33–35].
For spin-dependent cross section, the results are shown in Fig. 4
and Fig. 5 for the proton and neutron, respectively, along with cur-
rent limits. The constraint for neutron is more stringent than that 
for proton. However, the constraints are still quite loose. The left 
panel is for ﬁxed m = mqH − mX , while the right panel is for 
m = (mqH − mX )/mX . With the parameter λqH ∼ 0.1, the cross 
sections for both proton and neutron are well below the bound.
208 C.-R. Chen et al. / Physics Letters B 741 (2015) 205–209Fig. 3. The contour plot for parameter space in which the SI scattering cross section is below the projected limits of the future experiments. The green, yellow and blue 
regions are for LUX(2014), XENON1T [30], and XENON10T [31], respectively. (a) (mqH −mX ) vs. mX ; (b) (mqH −mX )/mX vs. mX . λXH = −0.05 and λqH = 0.1 are used. The 
red-dotted line shows the mono-jet with /ET constraint from ATLAS experiment [32]. The left region of the red-dotted line is disfavored. (For interpretation of the references 
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. The spin-dependent dark-matter–proton cross section, along with current constraints from SIMPLE [36], COUPP [37], XENON100 [38] and IceCube [39] experiments. 
The orange, green, brown, magenta solid lines are for (a) m =mqH −mX = 20, 40, 60, 80 GeV; (b) m/mX = (mqH −mX )/mX = 10%, 20%, 30%, 40%. We use λqH = 0.1 here. 
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)4. Discussion and conclusion
The sensitivity of dark matter direct search has reached down 
to the level of 10−9 pb for dark-matter–nucleon spin-independent 
elastic scattering cross section. However, there is no positive sig-
nal been observed. In this paper, we point out the possibility 
that the null result in direct dark matter search experiments may 
be due to the destructive effects in dark-matter–nucleon scatter-
ing. We use a simple vector dark matter model for illustration. 
The spin-1 vector dark matter particle communicates with SM 
via the Higgs boson and the right-handed heavy exotic quarks. 
The effective dark-matter–nucleon scalar interaction can be highly 
suppressed because of the cancellation between the diagram me-
diated by the Higgs boson and the diagrams with heavy exotic 
quarks.
Our results show that when the mass difference between the 
heavy exotic quark and dark mater (m = mqH − mX ) is within a certain range, the reduction in SI cross section is so signiﬁcant 
that even the future XENON10T experiment can hardly observe the 
signal of dark matter. For a heavier dark matter particle, the ratio 
m/mX should be smaller for the signiﬁcant cancellation to occur. 
Since the existence of exotic quarks plays the crucial role in the 
cancellation, the search for these new colored fermions at the LHC 
would be essential to check the possibility. The collider signature 
in particular we should focus on is the mono-jet with /E T . We also 
calculate the SD cross sections, which could constrain the coupling 
of dark matter to quarks. However, the current limit is still quite 
loose, therefore the constraints from both neutron and proton data 
are not stringent.
Finally, we comment on the relic abundance. In our scenario, 
the vector dark matter annihilation processes are similar to the 
T-odd photon in the Littlest Higgs model with T-parity. It is 
shown [17] that the T-odd photon can nicely explain the relic 
abundance. Therefore, the vector dark matter in our study will sat-
isfy the observation of relic abundance as well.
C.-R. Chen et al. / Physics Letters B 741 (2015) 205–209 209Fig. 5. The spin-dependent dark-matter–neutron cross section, along with current constraints from XENON100 [38] experiment. The orange, green, brown, magenta solid lines 
are for (a) m =mqH −mX = 20, 40, 60, 80 GeV; (b) m/mX = (mqH −mX )/mX = 10%, 20%, 30%, 40%. We use λqH = 0.1 here. (For interpretation of the references to color 
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